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ABSTRACT
Light trans-iron elements such as Sr serve as the key to understanding the astrophysical sites of heavy
elements. Spectroscopic studies of metal-poor stars have revealed large star-to-star scatters in the ratios
of [Sr/Ba], which indicates that there are multiple sites for the production of Sr. Here we present the
enrichment history of Sr by a series of the N -body/smoothed particle hydrodynamics simulations
of a dwarf galaxy with a stellar mass of 3 × 106 M⊙. We show that binary neutron star mergers
(NSMs) and asymptotic giant branch (AGB) stars contribute to the enrichment of Sr in the metallicity
ranges [Fe/H] & −3 and [Fe/H] & −1, respectively. It appears insufficient, however, to explain the
overall observational trends of Sr by considering only these sites. We find that the models including
electron-capture supernovae (ECSNe) and rotating massive stars (RMSs), in addition to NSMs and
AGBs, reasonably reproduce the enrichment histories of Sr in dwarf galaxies. The contributions of
both ECSNe and NSMs make scatters of ≈ 0.2 dex in [Sr/Fe], [Sr/Ba], and [Sr/Zn] as can be seen
for observed stars in the metallicity range [Fe/H] < −2. We also find that the mass range of ECSN
progenitors should be substantially smaller than 1M⊙ (e.g., 0.1–0.2M⊙) to avoid over-prediction of
[Sr/Ba] and [Sr/Zn] ratios. Our results demonstrate that NSMs, AGBs, ECSNe, and RMSs all play
roles in the enrichment histories of Local Group dwarf galaxies, although more observational data are
required to disentangle the relative contributions of these sources.
Keywords: galaxies: abundances — galaxies: dwarf — galaxies: evolution — methods: numerical —
nucleosynthesis — stars: abundances
1. INTRODUCTION
The astrophysical sites of heavy elements are one
of the open questions in astronomy over 60 years
(Burbidge et al. 1957; Cameron 1957). The elements
heavier than Fe are synthesized by neutron-capture pro-
cesses. These are divided into the r- and s-processes
according to the timescales of neutron capture be faster
and slower than those of competing β-decay on relevant
isotopes, respectively. While the astrophysical sites
of the s-process are relatively well understood (e.g.,
Ka¨ppeler et al. 2011), those of the r-process remains
a mystery (e.g., Thielemann et al. 2017; Cowan et al.
2019).
Corresponding author: Yutaka Hirai
yutaka.hirai@riken.jp
Understanding of the r-process has been significantly
improved in recent years. Binary neutron star merg-
ers (NSMs) are taken to be the most promising astro-
physical site of the r-process since the discovery of the
gravitational waves from an NSM, GW170817, mea-
sured by the Advanced LIGO and Virgo (Abbott et al.
2017). Follow-up observations suggest that the ejecta
containing a small fraction of lanthanides (. 0.01 in
mass) can explain the light curves of the electromag-
netic counterpart of GW170817 (e.g., Chornock et al.
2017; Cowperthwaite et al. 2017; Drout et al. 2017;
Pian et al. 2017; Tanaka et al. 2017; Villar et al. 2017;
Wanajo 2018). This is in accordance with the recent
nucleosynthetic studies based on the numerical sim-
ulations of NSMs. These studies suggest that the
early dynamical ejecta contain all r-process nuclides
including lanthanides and heavier ones (Wanajo et al.
2014; Sekiguchi et al. 2015, 2016; Goriely et al. 2015;
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Radice et al. 2016; Papenfort et al. 2018) and the sec-
ular disk outflows the lighter elements with few lan-
thanides (Papenfort et al. 2018; Lippuner et al. 2017;
Fujibayashi et al. 2018).
Spectroscopic studies of metal-poor stars in the Milky
Way (MW) halo have provided us with numerous clues
to understanding the origin of heavy elements. The
abundance distributions of highly r-process-enhanced
stars closely match the solar-system r-process pattern
in the atomic number (Z) range, 56 ≤ Z < 80 (e.g.,
Sneden et al. 2008). This result implies the presence of
a single, robust astrophysical site at least for these r-
process elements. On the other hand, the elements with
Z < 56, including the lightest neutron-capture (or a light
trans-iron) species, Sr-Y-Zr, show a factor of several of
variation compared to the scaled solar r-process pattern.
This fact indicates that the nucleosynthetic conditions
for light trans-iron elements such as Sr are not as robust
as those for the heavy r-process elements.
Studies of metal-poor stars in the MW halo show
large star-to-star scatters in the ratio of Sr-Y-Zr to Fe
7, e.g., [Sr/Fe]8 (Figure 1, see also Ryan et al. 1996;
McWilliam 1998; Honda et al. 2004; Frebel & Norris
2015), a similar trend to those in [Ba/Fe] and [Eu/Fe].
However, the ratios of these elements to heavy neutron-
capture elements (e.g., [Sr/Ba]) also show scatters (e.g.,
McWilliam 1998; Johnson & Bolte 2002; Aoki et al.
2013; Jacobson et al. 2015). Recent surveys by the
R-Process Alliance collaboration have found that 39
out of 233 stars exhibit [Sr/Ba] > 0.5 (Hansen et al.
2018; Sakari et al. 2018), which is substantially greater
than the solar r-process value: [Sr/Ba] = −0.13
(Simmerer et al. 2004). Franc¸ois et al. (2007) found
a tight anti-correlation of [Sr/Ba] ratios as a function
of [Ba/H] (i.e., the enhancement of r-process elements).
These studies suggest the presence of a second astro-
physical source for the light trans-iron elements, such as
Sr, at low metallicity (McWilliam 1998).
The Local Group (LG) dwarf galaxies also indicate a
second source of Sr. In the dwarf galaxy Draco, only
7 Original references are McWilliam et al. (1995);
Ryan et al. (1998); Preston & Sneden (2000); Burris et al.
(2000); Mishenina & Kovtyukh (2001); Cowan et al. (2002);
Carretta et al. (2002); Johnson & Bolte (2002); Lucatello et al.
(2003); Ivans et al. (2003); Honda et al. (2004, 2007, 2011);
Barklem et al. (2005); Aoki et al. (2005, 2007, 2009, 2010, 2013,
2014); Preston et al. (2006); Masseron et al. (2006); Jonsell et al.
(2006); Franc¸ois et al. (2007); Lai et al. (2007, 2008); Cohen et al.
(2008, 2013); Mashonkina et al. (2008, 2014); Bonifacio et al.
(2009); Hollek et al. (2011); Ruchti et al. (2011); Bonifacio et al.
(2012); Roederer et al. (2012, 2014, 2016a); Hansen et al. (2012,
2017); Cui et al. (2013); Ishigaki et al. (2013); Yong et al. (2013);
Siqueira Mello et al. (2014); Spite et al. (2014); C¸alıs¸kan et al.
(2014); Spite et al. (2015); Li et al. (2015); Jacobson et al. (2015);
Hansen et al. (2015); Susmitha Rani et al. (2016); Aoki et al.
(2017).
8 [A/B] = log10(NA/NB)−log10(NA/NB)⊙, where NA and NB
are the numbers of the elements A and B, respectively.
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Figure 1. Measured [Sr/Fe] ratios as a function of [Fe/H].
Green symbols denote stars in the dwarf galaxies with
the stellar masses M∗ < 10
5
M⊙: Boo¨tes I (squares,
Norris et al. 2010b; Ishigaki et al. 2014), Canes Venatici II
(crosses, Franc¸ois et al. 2016), Coma Berenices (left triangles
Frebel et al. 2010), Reticulum II (diamonds, Roederer et al.
2016b; Ji et al. 2016b; Ji & Frebel 2018), Segue 1 (octagons,
Norris et al. 2010a; Frebel et al. 2014), Triangulum II (stars,
Kirby et al. 2017), Tucana II (pentagons, Chiti et al. 2018),
and Ursa Major II (hexagons, Frebel et al. 2010). Or-
ange symbols represent those with 105 M⊙ ≤ M∗ < 10
6
M⊙: Canes Venatici I (pluses, Franc¸ois et al. 2016), Ca-
rina (right triangles Venn et al. 2012), Draco (triangles,
Shetrone et al. 2001; Fulbright et al. 2004; Cohen & Huang
2009; Tsujimoto et al. 2015), Hercules (inverted triangles
Franc¸ois et al. 2016), Leo IV (thin diamonds, Simon et al.
2010), Sextans (filled pluses, Tafelmeyer et al. 2010), and
Ursa Minor (hexagons, Shetrone et al. 2001; Sadakane et al.
2004; Cohen & Huang 2010; Kirby & Cohen 2012). Blue
symbols depict those with 106 M⊙ ≤ M∗: For-
nax (filled crosses, Shetrone et al. 2003; Letarte et al.
2010; Tafelmeyer et al. 2010; Lemasle et al. 2014) and
Sculptor (circles, Shetrone et al. 2003; Geisler et al. 2005;
Kirby & Cohen 2012; Jablonka et al. 2015; Simon et al.
2015; Mashonkina et al. 2017). Gray circles are stars in the
MW. Magenta solid and dashed curves indicate the median
and the first and third quantiles, respectively. All data are
compiled using the SAGA database (Suda et al. 2008, 2011,
2017; Yamada et al. 2013), in which carbon-enhanced stars
(whose abundances may be affected by binary mass transfer)
are excluded.
the lowest metallicity star shows the pure r-process ra-
tio of [Sr/Ba] (Cohen & Huang 2009). The other stars
show neither signs of the pure r-process nor the pure
s-process. The dwarf galaxies Canes Venatici I and
II have stars with significantly enhanced [Sr/Ba] ra-
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tios (Franc¸ois et al. 2016). These results cannot be ex-
plained by a single source that leads to nearly a constant
ratio of [Sr/Ba].
The astrophysical site of the second source of Sr
at low metallicity has not yet been clarified. Core-
collapse supernovae (CCSNe) from low mass pro-
genitors may contribute to the enrichment of light
trans-iron elements. Stars at the low-mass end (∼
8–10 M⊙) develop O-Ne-Mg cores and end their
lives either as white dwarfs or electron-capture super-
novae, ECSNe9(e.g., Miyaji et al. 1980; Nomoto et al.
1982; Hillebrandt et al. 1984; Nomoto 1984, 1987;
Miyaji & Nomoto 1987). The mass range that leads
to the ECSN channel is highly sensitive to the stel-
lar evolution models adopted (Poelarends et al. 2008;
Doherty et al. 2017) as well as to the binarity of the sys-
tems (Poelarends et al. 2017; Siess & Lebreuilly 2018).
Wanajo et al. (2011, 2018) have shown that ECSNe and
low mass iron-core CCSNe10 synthesize light trans-iron
elements from Zn to Sr-Y-Zr, but the ejecta are not
neutron-rich enough to produce heavy neutron-capture
elements. However, light r-process elements up to Pd
and Ag can be made in ECSNe if the ejecta are slightly
more neutron-rich than those predicted in their original
model (Wanajo et al. 2011). Such a nucleosynthetic sig-
nature is called a “weak r-process” (Wanajo & Ishimaru
2006) or a “limited r-process” (Frebel 2018), which is
suggested to be the source of the descending abundance
trends of neutron-capture elements in stars with high
[Sr/Ba] ratios (Honda et al. 2006; Aoki et al. 2017).
Several studies also have pointed out that the
weak s-process in rotating massive stars (RMSs)
may contribute to the enrichment of light trans-iron
elements (e.g., Chiappini et al. 2011; Cescutti et al.
2013; Cescutti & Chiappini 2014; Bisterzo et al. 2017;
Prantzos et al. 2018; Limongi & Chieffi 2018; Choplin et al.
2018; Rizzuti et al. 2019). Recently, Prantzos et al.
(2018) have demonstrated that RMSs can be a pre-
dominant source of Sr at [Fe/H] > −2.5 by using a
one-zone model of Galactic chemical evolution with
the yields of Limongi & Chieffi (2018). The main s-
process in asymptotic giant branch (AGB) stars also
eject these elements (e.g., Cristallo et al. 2009, 2011,
2015), which becomes important only at high metallic-
ity (Prantzos et al. 2018).
Contributions of ECSNe to the galactic chemical evo-
lution of light trans-iron elements such as Sr are not
well understood. Cescutti & Chiappini (2014) imple-
9 ECSNe are a subset of CCSNe but with collapsing O-Ne-Mg
cores. In this study, we do not consider “thermonuclear” ECSNe
(Jones et al. 2019b,a) that can be the source of 48Ca, 50Ti, and
54Cr but not of Sr-Y-Zr.
10 In Wanajo et al. (2018), the 9.6M⊙ CCSN model with iron-
core exhibits almost the same nucleosynthetic outcomes with those
of an ECSN model. Hereafter, we intend that the term “ECSNe”
intrinsically includes such iron-core CCSNe at the low-mass end.
mented the empirical yields of ECSNe in their inhomo-
geneous chemical evolution models. They, however, as-
sume the production of Ba, which is unlikely according
to the recent nucleosynthesis calculations using the hy-
drodynamic simulations of ECSNe (Wanajo et al. 2011,
2018). Ojima et al. (2018) also included the empirical
yields of ECSNe in their chemical evolution model but
did not explore the uncertainties in the progenitor mass
range resulting from different stellar evolution models.
Hirai et al. (2018) performed chemo-dynamical simula-
tions of dwarf galaxies with ECSNe only focusing on the
enrichment of Zn.
Recent nucleosynthesis studies of CCSNe suggest that
the proton-rich material dominates in the neutrino-
driven ejecta with sub-dominant production of Sr
(Pllumbi et al. 2015; Wanajo et al. 2018). It is unfeasi-
ble, however, to follow a long-term evolution of neutrino-
driven wind (over ∼ 1 s) in current multi-dimensional
computations. Although the bulk of neutrino-driven
ejecta are expected to be proton-rich, only a slight
neutron-richness leads to substantial production of
Sr (Wanajo 2013). A possible contribution from the
neutrino-driven ejecta of CCSNe to the enrichment his-
tory of Sr is not excluded.
This paper aims to clarify the contributions of possi-
ble sourses of Sr (NSMs, AGBs, ECSNe, and RMSs)
to galactic chemical evolution. We do not consider
the contribution from the neutrino-driven wind of CC-
SNe because of the absence of realistic nucleosynthetic
yields currently available. In this study, we focus on
the enrichment of Sr in dwarf galaxies, although the
number of stars with the measurements of Sr is still
limited and much smaller than that in the MW (Fig-
ure 1). This is because dwarf galaxies are the ideal
objects to clarify the roles of nucleosynthetic sites be-
cause of their simple structures and evolutionary his-
tories (e.g., Bland-Hawthorn et al. 2015). Due to the
lack of observed data in dwarf galaxies, we will statisti-
cally compare our result also with the data of the MW
in this study. This may be justified by assuming that
dwarf galaxies are in part the leftovers of building blocks
that have made the MW (e.g., Bullock & Johnston 2005;
Ishimaru et al. 2015; Ojima et al. 2018). We perform
high-resolution simulations, including the detailed mod-
els of nucleosynthetic sites and metal mixing by focusing
on dwarf galaxies.
This paper is organized as follows. Section 2 describes
methods and models adopted in this study. Section 3
shows the roles of NSMs, AGBs, ECSNe, and RMSs
on the enrichment of Sr in dwarf galaxies. Section 4
discusses the astrophysical sites of Sr, along with other
heavy elements such as Zn and Ba. In Section 5, we
present conclusions of this study.
2. METHOD
2.1. Code
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In this study, we perform a series ofN -body/smoothed
particle hydrodynamics (SPH) simulations using asura
(Saitoh et al. 2008, 2009). Details of the code are de-
scribed in Hirai et al. (2015, 2017). Here we briefly
describe our code. Gravity is computed with the
tree method (Barnes & Hut 1986) parallelized following
Makino (2004). We adopt the density-independent for-
mulation of SPH (DISPH) to handle the fluid instabili-
ties in a contact discontinuity correctly (Saitoh & Makino
2013, 2016). The FAST scheme is adopted to re-
duce the computation cost of the strong shock regions
(Saitoh & Makino 2010). We keep the difference of the
timestep in neighbor particles small enough using the
timestep limiter (Saitoh & Makino 2009). To compute
radiative cooling, we adopt the metallicity-dependent
cooling/heating functions generated by the version 13.05
of Cloudy from 10 to 109 K (Ferland et al. 1998,
2013, 2017). We also put the effect of self-shielding
(Rahmati et al. 2013) and the ultra-violet background
radiation field (Haardt & Madau 2012).
We treat each star particle as a simple stellar pop-
ulation (SSP) assuming the initial mass function of
Kroupa (2001) from 0.1 to 120 M⊙. To convert gas
particles to star particles, we set the threshold den-
sity and temperature as 100 cm−3 and 1000 K, re-
spectively, following Saitoh et al. (2008). The number
of Lyman-α photons from massive stars, which is used
to compute the HII regions, is evaluated using pe´gase
(Fioc & Rocca-Volmerange 1997).
Stellar feedback is implemented using Chemical Evo-
lution Library (celib, Saitoh 2017). Stars with 13–40
M⊙ are assumed to explode as CCSNe. When a CCSN
occurs, it distributes the thermal energy of 1051 erg
to surrounding gas particles. We take nucleosynthetic
yields of Nomoto et al. (2013) for Fe and Zn.
We adopt the same models of ECSNe in Hirai et al.
(2018). The mass ranges of ECSNe are taken from stel-
lar evolution calculations (Doherty et al. 2015). At 10−4
Z⊙, the mass range of progenitors is from 8.2 to 8.4M⊙.
The mass range shifts to a more massive side at higher
metallicity, while the mass window remains as narrow
as ∆M = 0.1–0.2M⊙ (see Table 1 in Hirai et al. 2018).
This mass range is affected by the uncertainties of stellar
evolution such as mass-loss rates, third dredge up, and
overshooting (Doherty et al. 2017). Hirai et al. (2018)
investigated the effects of uncertainties in the mass range
of ECSNe on the enrichment of Zn. In Section 3.2.3, we
also present the result with a different mass range of
ECSN progenitors.
The nucleosynthesis yields of ECSNe are taken from
Wanajo et al. (2018). In the e8.8 model of Wanajo et al.
(2018), a single ECSN ejects 7.9×10−5 M⊙ of Sr. Al-
though Wanajo et al. (2018) only have computed nu-
cleosynthetic yields in the innermost ejecta, the abun-
dances of heavy elements such as Sr are not affected by
the outer H/He shell that does not add heavy elements.
We regard Sr as representative of the light trans-iron el-
ements as well as of the lightest r-process elements (Sr-
Y-Zr) because of the largest numbers of measurements.
As shown by Franc¸ois et al. (2007), [Y/Sr] ratios at low
metallicity are nearly constant with small scatters, im-
plying that both Y and Sr come from the same origin.
In this study, we also assume that five percent of pro-
genitors between 20 and 40 M⊙ explode as hypernovae
(HNe) following Hirai et al. (2018). The fraction of HNe
is taken from the estimated rates from the observations
of long gamma-ray bursts (Podsiadlowski et al. 2004;
Guetta & Della Valle 2007). HNe do not contribute to
the enrichment of Sr but are one of the possible sites of
Zn (e.g., Umeda & Nomoto 2002, 2005; Kobayashi et al.
2006; Tominaga et al. 2007).
For type Ia supernovae (SNe Ia), we assume a power-
law delay time distribution with the index of −1 based
on Maoz & Mannucci (2012) with the minimum delay
time of 0.1 Gyr (e.g., Totani et al. 2008). Nucleosyn-
thetic yields of Fe from SNe Ia are taken from the N100
model of Seitenzahl et al. (2013).
We assume that low and intermediate-mass stars from
1 to 6 M⊙ distribute elements by mass-loss during AGB
phases. We adopt the yields of Sr and Ba in the fruity
database (Cristallo et al. 2009, 2011, 2015). Details of
the implementation are presented in Saitoh (2017).
We also implement models of NSMs. We assume that
0.2 % of stars with 8–20 M⊙ cause NSMs. This rate
is consistent with the estimation from the gravitational
wave observations (Abbott et al. 2017) and observed bi-
nary pulsars (Lorimer 2008). The merger time distri-
bution is assumed to be a power law with an index
of −1 following the minimum merger time of 10 Myr
(Dominik et al. 2012). We assume that each NSM syn-
thesizes 3.5 × 10−4 M⊙, 7.3 × 10
−5 M⊙, and 1.6× 10
−5
M⊙ of Sr, Ba, and Eu, respectively (Wanajo et al. 2014).
In this study, we do not consider a possible variation of
NSM yields. This can lead to the under-prediction of
scatters (to some extent) in the abundance ratios be-
tween these elements as described in Section 4.2.
We ignored the energy deposition from NSMs because
of their sufficiently lower rates than those of CCSNe.
Safarzadeh & Scannapieco (2017) have confirmed that
the effect of energy from NSMs is marginal in their sim-
ulations of ultra-faint dwarf galaxies (UFDs).
For metal mixing among SPH particles, we adopt
the turbulence based metal diffusion model (Shen et al.
2010; Saitoh 2017; Hirai & Saitoh 2017). Details of the
implementation are shown in Saitoh (2017). We take
the scaling factor for the metal diffusion coefficient to
be 0.01 following Hirai & Saitoh (2017).
To examine the role of RMSs, we also consider a model
that adopts the yields of Sr and Ba in set F with stars of
13–40 M⊙ (Chieffi & Limongi 2013; Limongi & Chieffi
2018). The rotational velocity distributions of O- and
early B-type stars are peaked at 175 kms−1 and 100
kms−1 in Large and Small Magellanic Clouds, respec-
tively (Hunter et al. 2008, 2009). We thus take the
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yields computed with the rotational velocity of 150
kms−1 as representative. As our purpose of including
RMSs is to test their role at a qualitative level, we do
not consider the metallicity dependence of rotational ve-
locity distributions as that in Prantzos et al. (2018).
2.2. Initial conditions
In this study, we adopt isolated dwarf galaxy models
with the pseudo-isothermal profile (Revaz et al. 2009;
Revaz & Jablonka 2012). We take the same model
adopted in Hirai & Saitoh (2017). The total mass of
halo is 7.0 × 108 M⊙. The truncation radius and core
radius are set to be 8.9 and 1.3 kpc, respectively. We
set the number of particles and gravitational softening
length as 2.6 × 105 and 7.8 pc, respectively. The masses
of single dark matter and gas particles are 4.5 × 103 M⊙
and 8.0 × 102 M⊙, respectively.
2.3. Models
Table 1 lists models adopted in this study. All models
include the contributions of NSMs and AGBs. Model
A excludes the contributions of ECSNe and RMSs to
clarify the roles of NSMs and AGBs on the enrichment
of Sr (Section 3.2.1). Model B adds ECSNe with the
mass range computed by Doherty et al. (2015). Model
C adopts a wider mass ranges of ECSN progenitors
than that in model B, according to its uncertainty (e.g.,
Doherty et al. 2017). In model C, we also assume no
ECSN event at Z ≤ 10−5 Z⊙. This assumption is mo-
tivated by the studies of Population III star formation,
which tends to predict top-heavy IMF (e.g., Susa et al.
2014; Hirano et al. 2015; Stacy et al. 2016). The effect
of mass ranges of ECSNe is discussed in Section 3.2.3.
Model D adopts the yields of ECSNe (as in model B)
and RMSs with the rotational velocity of 150 kms−1.
Section 3.2.4 discusses the contribution of RMSs on the
enrichment of Sr.
Table 1. List of models
Model Mass Ranges of ECSNe RMSs NSMs AGBs
A no no yes yes
B Doherty et al. (2015) no yes yes
C 8.2–9.2 M⊙ for Z > 10
−5
Z⊙ no yes yes
D Doherty et al. (2015) yes yes yes
E Doherty et al. (2015) no no yes
F Doherty et al. (2015) yes no yes
Note—From left to right, columns show the name of models, metallic-
ity (Z) dependent mass ranges of ECSNe, with (yes) or without (no)
contribution of Sr and Ba from RMSs, NSMs, and AGBs. Models
B1 and B2 in Appendix A adopt the same parameters with model
B but are computed with different random number seeds.
3. RESULTS
3.1. Metallicity Distribution Functions
Our model gives a metallicity distribution function
(MDF) similar to the observed ones in the LG dwarf
galaxies with similar masses. In model B, the stellar
mass (M∗) and mean value of [Fe/H] (〈[Fe/H]〉) are 3.2
× 106 M⊙ and −1.45, respectively. These values are
similar to those of the dwarf galaxy Sculptor (M∗ = 3.9
× 106 M⊙ and 〈[Fe/H]〉 = −1.68) and Leo I (M∗ = 4.9
× 106 M⊙ and 〈[Fe/H]〉 = −1.45) (Kirby et al. 2013).
Figure 2 compares the computed and observed MDFs.
As shown in this figure, model B has a similar MDF
with these galaxies. The interquartile ranges (IQRs)11
of the MDFs are 0.77 (model B), 0.71 (Sculptor), and
0.36 (Leo I). Other models have almost the same MDFs
because NSMs and ECSNe produce little amount of Fe.
Model B exhibits more extended star formation histories
compared to those of Sculptor and Leo I, resulting in a
more significant fraction of stars for [Fe/H] > −1. In
this model, the effects of ram-pressure and tidal strip-
ping are not included. These effects may affect the star
formation histories in the model. Lack of gas accretion
in a cosmological context may cause the more gentle
peak of MDF than that of Leo I. Mergers of galaxies
may also induce additional star formation. However,
this effect is degenerate with the choice of the initial
conditions. Since this paper aims to discuss the enrich-
ment of Sr mainly at low metallicity, these differences
do not affect our conclusions. Although we do not in-
tend to reproduce the chemical evolution of a specific
galaxy, we confirm that our models have similar MDFs
with those of similar-mass LG dwarf galaxies.
3.2. Enrichment of Strontium
The ratio of [Sr/Fe] is a clear indicator of the enrich-
ment of Sr in the LG galaxies. In the MW, there are
star-to-star scatters in [Sr/Fe] for [Fe/H] < −2.0 (Figure
1). At higher metallicity, the [Sr/Fe] evolution becomes
flat with a mean value of 0.06. In the dwarf galaxy
Sculptor (M∗ ∼ 10
6M⊙), there seems to be an increas-
ing trend of [Sr/Fe] ratios toward higher metallicity. One
exception is a star, ET0381 ([Fe/H] = −2.44, [Sr/Fe]
= −0.76). The subsolar ratios of α-elements as well
as low Ni and Cr abundances of this star suggest that
it was formed from the gases polluted by few massive
stars (Jablonka et al. 2015). In the dwarf galaxies Draco
and Ursa Minor (M∗ ∼ 10
5M⊙), there are relatively
flat trends of [Sr/Fe] ratios compared to that of Sculp-
tor. Most of UFDs with M∗ . 10
5M⊙ are depleted
in [Sr/Fe] (Frebel & Norris 2015). A clear jump in the
[Sr/Fe] evolution seen in the UFD Reticulum II is possi-
bly due to the contribution of an NSM (Ji et al. 2016a,b;
Roederer et al. 2016b; Ojima et al. 2018). Stars en-
11 IQR is the difference between the first and third quartiles.
The first and third quartiles mean the medians of the lower and
upper half of the data set, respectively.
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Figure 2. The metallicity distribution function of model B
(red-solid histogram) at 13.8 Gyr from the beginning of the
simulation. The green dashed and blue dotted-dashed his-
tograms denote the observed metallicity distribution func-
tions of the dwarf galaxies Sculptor and Leo I, respectively
(Kirby et al. 2009, 2010; Kirby & Cohen 2012).
hanced in [Sr/Fe] are also confirmed in Canes Venatici
I and II (Franc¸ois et al. 2016).
3.2.1. Contribution of NSMs and AGBs to the Enrichment
of Sr
NSMs contribute to the enrichment of Sr. In model
A, NSMs eject Sr for [Fe/H] & −3. Figure 3a represents
[Sr/Fe] as a function of [Fe/H] in model A. As shown in
this figure, Sr from an NSM appears at [Fe/H] ∼ −3.12.
NSMs give rise to gaps in the average ratios of [Sr/Fe].
In model A, the first NSM occurs at 1.23 Gyr from the
beginning of the simulation. The mean [Sr/Fe] ratio in
the gas phase jumps from −2.2 to −0.7 when the first
NSM occurs. The very low [Sr/Fe] ratios (∼ −2) at the
lowest metallicity come from AGBs.
Such increases in the abundances of neutron-capture
elements can be seen in LG dwarf galaxies. In the
dwarf galaxy Draco, the mean [Ba/H] and [Y/H] ra-
tios increase from −2.89 to −1.92 and −3.5 to −2.5,
respectively (Tsujimoto et al. 2017). The UFD Reticu-
lum II also shows a similar behavior (Ji et al. 2016a,b;
Roederer et al. 2016b). Our result suggests that such
gaps in the abundances of neutron-capture elements are
the signatures of the first NSMs occurred in dwarf galax-
ies.
12 Note that the random seed affects the onset of NSM events
(see Appendix A).
For [Fe/H] > −1, the [Sr/Fe] ratio increases owing
to the contribution of AGBs. Because of the strong
metallicity dependence on the yields of Sr, the contribu-
tion of AGBs in the enrichment of Sr is subdominant at
low metallicity (Prantzos et al. 2018). Note that AGBs
can eject materials from [Fe/H] & −4 because of the
slow chemical evolution in dwarf galaxies. However, ow-
ing to the deficit of seed nuclei, the amount of Sr from
AGBs is too small to enrich the gas at low metallicity.
Despite the contribution of AGBs, the mean value of
[Sr/Fe] ratios in model A is ∼ 1 dex lower than that
of the MW halo. This discrepancy implies that addi-
tional sources such as ECSNe (e.g., Wanajo et al. 2018;
Jones et al. 2019a) or RMSs (e.g., Limongi & Chieffi
2018) contributes to the enrichment of Sr.
3.2.2. Contribution of ECSNe to the Enrichment of Sr
Figure 3b shows the [Sr/Fe] ratios as a function of
[Fe/H] in model B. Stars with Sr for [Fe/H] < −3.5
originate from ECSNe, because the first NSM occurs
at [Fe/H] = −2.6 in this model. The mean value of
[Sr/Fe] ratios in model B is [Sr/Fe] = −1.53 for [Fe/H]
< −3.5. Stars in Sculptor and UFDs are also depleted in
[Sr/Fe] at the low-metallicity end (e.g., Frebel & Norris
2015; Ji et al. 2019). Due to the low rate of ECSNe,
their ejecta that are well mixed into surrounding gases
without enrichment by ECSNe result in the low ratios
of [Sr/Fe]. We find that model B forms stars down to
[Sr/Fe] ∼ −4 in this metallicity range. This result sug-
gests that stars at the lowest metallicity were formed
from the well-mixed gas containing the ejecta from EC-
SNe. Note that the scatters of [Sr/Fe] ratios tend to
be underestimated owing to isolated evolution of our
models. Gas accretion in the cosmological context may
induce more scatters.
The overall lower median of [Sr/Fe] ratios than that
in the MW can be attributed to the uncertainties in the
mass range of ECSNe (Section 3.2.3) or the rate and
yields of NSMs (Section 3.2.1), as well as the contribu-
tion of an additional nucleosynthetic site (Section 3.2.4).
Since we adopt isolated dwarf galaxy models, the scat-
ters of [Sr/Fe] ratios in our models also are smaller than
those of the MW. As suggested by Ojima et al. (2018),
the scatters in the abundances of neutron-capture ele-
ments can be explained when the MW halo is formed
from the clustering of different mass galaxies. If this is
the case, the smaller scatters of [Sr/Fe] ratios in model
B than those in the MW halo are reasonable in our iso-
lated dwarf galaxy model.
Stars appreciably affected by the ejecta from ECSNe
or NSMs have enhanced [Sr/Fe] ratios. Figure 4 shows
the time evolution of the gas phase [Sr/Fe] ratios in
model B. Discrete events of ECSNe and NSMs produce
several strong peaks in the [Sr/Fe] ratios. Metal mix-
ing moderates the high [Sr/Fe] ratios in the gas phase.
Hirai & Saitoh (2017) estimated the timescale of metal
mixing to be . 40 Myr, which is comparable to the
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Figure 3. Stellar [Sr/Fe] ratios as a function of [Fe/H] at 13.8 Gyr from the beginning of the simulation in models A (panel
a), B (panel b), C (panel c), and D (panel d). The color coding from blue to red denotes the mass fractions of stars computed
in our models from 10−5 to 10−1 in each grid of 0.08 × 0.08 dex2. When the grid contains one star, the resulting mass fraction
is 8.8 × 10−5 (sky-blue in the color-coding). The black solid curve shows the median of [Sr/Fe] ratios predicted by the model.
The orange solid and dotted curves denote the median and the first and third quartiles of the [Sr/Fe] ratios in the MW. The
dots denote the observed abundances in the MW. The symbols represent stellar abundances in selected dwarf galaxies: Canes
Venatici I (orange pluses), Canes Venatici II (light sea green crosses), Draco (red triangles), Reticulum II (green diamonds),
Sculptor (blue circles), Tucana II (olive green pentagons), and Ursa Minor (magenta hexagons). Data with upper limits are
shown with arrows.
dynamical time of molecular clouds (nH ∼ 1000 cm
−3,
Larson 1981). This result suggests that stars enhanced
in [Sr/Fe] are formed before the metal mixing moderates
the gases with high [Sr/Fe] ratios.
3.2.3. Dependence on the Progenitor Mass Range of
ECSNe
The mass range of the progenitors of ECSNe is highly
uncertain, which is affected by the treatment of the
mass-loss, third dredge-up, and overshooting (e.g.,
Doherty et al. 2017; Gil-Pons et al. 2018). Poelarends
(2007) predicted a wider mass range of ECSNe than
that in Doherty et al. (2015) using different parame-
ters in stellar evolution models. Stars with striped
envelopes in close binary systems can also become EC-
SNe (Tauris et al. 2013, 2015; Moriya & Eldridge 2016).
Binary evolution calculations predict that the resultant
mass range of ECSNe can be wider than that for sin-
gle systems (Podsiadlowski et al. 2004; Poelarends et al.
2017). Besides, Wanajo et al. (2018) have shown that
the iron-core CCSNe in the lowest mass range can syn-
thesize light trans-iron elements with almost the same
amounts to those from ECSNe. These uncertainties
influence the enrichment of Sr in our model.
8 Hirai et al.
Figure 4. Gas-phase [Sr/Fe] ratios in model B within one
kpc from the center of the galaxy as a function of time, in
which most of the stars are formed. The mass fraction of
gases in each bin is displayed with the color scale from white
(10−5) to blue (10−1). The bin size corresponds to the length
of axes divided by 128.
Figure 3c shows the [Sr/Fe] ratios as functions of
[Fe/H] for model C. This model assumes that stars with
8.2–9.2 M⊙ at the metallicity greater than 10
−5 Z⊙ ex-
plode as ECSNe. According to these figures, the median
[Sr/Fe] ratios are larger than that of model B. Model C
appears consistent with the stellar values in the MW and
some dwarf galaxies for [Fe/H] > −3 but sizably over-
produces Sr at lower metallicity. These results suggest
that the mass ranges of ECSN progenitors should be
appreciably greater than that in model B (predicted by
Doherty et al. 2015) at higher metallicity to account for
the mean [Sr/Fe] ratios in the LG dwarf galaxies or the
MW. Although such a possibility may not be excluded,
it opposes to the theoretical predictions that the mass
range of ECSNe tends to be smaller at higher metallicity
owing to more effective mass loss.
3.2.4. Contribution of RMSs to the Enrichment of Sr
Previous nucleosynthetic studies have proposed some
possible mechanisms to synthesize Sr in massive stars.
The innermost ejecta of CCSNe have long been thought
as the production site of heavy elements including Sr.
Recent studies based on sophisticated hydrodynamical
simulations suggest, however, that the bulk of innermost
ejecta become proton-rich, in which few heavy elements
are produced (except for ECSNe and lowest-mass CC-
SNe, Wanajo et al. 2018). Another possible mechanism
is the weak s-process in RMSs (e.g., Prantzos et al. 2018;
Limongi & Chieffi 2018). Elements beyond Zn are syn-
thesized owing to the neutron production by the reaction
22Ne(α, n)25Mg. In RMSs, stellar rotation mixes matter
between the He convective core and the H burning shell.
This mixing brings carbon made by the 3α reaction to
the base of the H shell, resulting in the production of
14N. This 14N is brought to the core and converted to
22Ne, which is the source of free neutrons.
Contribution of RMSs can affect both the median and
scatters of [Sr/Fe] ratios. Figure 3d shows the [Sr/Fe]
ratios as a function of [Fe/H] in model D, assuming that
the RMSs with the rotation speed of 150 kms−1 con-
tribute to the enrichment of Sr. As shown in this figure,
the median [Sr/Fe] ratios is ∼ 1 dex higher than that of
model B (Figure 3b). This result implies that the contri-
bution of Sr from RMSs may account for the deficiency
of [Sr/Fe] in model B. Note that the evolutionary history
of [Sr/Fe] depends on the rotational velocity distribution
(that we do not consider in this study), although an in-
creasing trend of [Sr/Fe] ratios with metallicity appears
robust (Prantzos et al. 2018).
Figure 5 compares the IQRs of [Sr/Fe] as a function of
[Fe/H] in models A, B, C, and D. In model A, the first
NSM makes large scatters (IQR > 1.0) at [Fe/H] < −3.
The contribution of ECSNe also makes IQR up to 0.35,
as shown in model B (green-dashed curve). Model C
produces scatters similar or smaller than those of model
B. On the other hand, model D shows almost no scatters
at [Fe/H] < −3. The first NSM that occurs at [Fe/H] =
−2.8 temporary increases the IQR but the overall values
of IQR are less than 0.1. In model D, all CCSNe (result-
ing from RMSs) produce Sr, while ECSNe produce Sr
with a rate of ≈3% of all CCSNe in model B. Frequent
production of Sr from massive stars erases scatters of
Sr. This result means that the [Sr/Fe] ratios in dwarf
galaxies should exhibit small scatters in [Sr/Fe] if RMSs
predominantly contribute to the enrichment of Sr. Note
that this model tends to suppress the scatters of [Sr/Fe],
because we adopt the SSP approximation for each star
particle.
AGBs may also produce scatters because their ejecta
are possibly less efficiently mixed compared to the ejecta
from SNe (Emerick et al. 2018). However, it would be
hard to identify the scatters caused by AGBs in our
models. This is because the spatial metallicity distri-
bution has been already homogenized after AGBs con-
tribute to the enrichment of Sr.
We find that both ECSNe and RMSs can be the dom-
inant sources of Sr, which tend to be more efficient con-
tributors at lower and higher metallicities, respectively.
The values of [Sr/Fe] and its scatters (or IQRs) can be
the indicators to distinguish the contributions of these
sites. In model B, the mean [Sr/Fe] ratio and IQR
at [Fe/H] = −4 are −1.35 and 0.26, respectively. On
the other hand, model D shows higher [Sr/Fe] ratios (≈
−0.85) and lower IQR (= 0.05). Higher [Sr/Fe] ratios
are owing to the addition of RMSs to model B. Note
that these values highly depend on the mass range of
ECSNe and the rotational velocity of RMSs.
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Figure 5. Interquartile range of [Sr/Fe] ratios as a function
of [Fe/H] in models A (purple solid curve) , B (green dashed
curve), C (sky-blue dotted curve), and D (orange dot-dashed
curve).
It is difficult to distinguish, however, the contributions
of these sources from the observed data presently avail-
able. The Sr abundances are measured for less than ten
stars in each LG dwarf galaxy. The typical observational
error is also as large as 0.2 dex, which is comparable to
the degree of scatters caused by ECSNe. It is necessary
to perform observations with approximately 100 stars at
[Fe/H] < −2 with observational errors less than 0.1 dex
in dwarf galaxies to distinguish these astrophysical sites
of Sr.
3.2.5. Enrichment of Sr without the Contribution of NSMs
Here we present the simulations excluding NSMs to
inspect the contributions of ECSNe and RMSs. Figure
6 shows the [Sr/Fe] ratios as a function of [Fe/H] in
models E and F. These models remove the contribution
of NSMs from models B and D, respectively. As shown
in this figure, [Sr/Fe] ratios at [Fe/H] ∼ −1 in model
E are about 1 dex lower than those in model B. Both
models show similar ratios of [Sr/Fe] (= −1.3 in model
E and = −1.2 in model F) at [Fe/H] = −2.5.
The major difference between these models is the scat-
ters of [Sr/Fe] ratios. The IQR in model F (=0.02) is
substantially smaller than that in model E (=0.6). The
trends of [Sr/Fe] evolution are also different. Model E
shows flat [Sr/Fe] ratios, while model F has an increasing
trend of [Sr/Fe] ratios owing to the metallicity depen-
dence of the yields. This steep increase of [Sr/Fe] can
be, however, moderated by the metallicity dependence
of the RMS yields on the rotational velocity distribution.
Rotational velocity tends to be lower at a higher metal-
licity environment (Hunter et al. 2008, 2009). The yield
of Sr at a given metallicity is smaller in the model with
a lower rotational velocity (Limongi & Chieffi 2018).
4. DISCUSSION
4.1. Contribution of the s-process
We discuss a role of the s-process from AGBs
and RMSs on the enrichment of Sr. The ratios of
[Ba/Eu] can be an indicator of the contribution of
the s-process. In the solar system abundances, 85%
of Ba originates from the s-process and 97% of Eu
from the r-process (Kappeler et al. 1989; Burris et al.
2000; Simmerer et al. 2004). The main s-process
that produces Ba occurs in AGBs (Ka¨ppeler et al.
2011). The weak s-process in RMSs also produces a
non-negligible amount of Ba (Chieffi & Limongi 2013;
Limongi & Chieffi 2018). Due to its secondary nature
as well as the long lifetimes of low and intermediate-
mass stars, the s-process starts contributing to galactic
chemical evolution later than the r-process does.
Figure 7 shows the stellar [Ba/Eu] ratios as a function
of [Fe/H] in models A, B, C and D. According to this
figure, the input parameters of ECSNe and RMSs do not
greatly affect the [Ba/Eu] ratios. Stars with [Ba/Eu]
> 1 for [Fe/H] . −2 reflect the ejecta of AGBs. The
mass loss timescale of AGBs assumed in this model is ≈
0.3 Gyr. Because of the slow chemical evolution in this
model, AGBs can eject materials even at [Fe/H] . −3.
However, these stars with high [Ba/Eu] ratios have too
low Ba and Eu abundances ([Ba/H] < −6 and [Eu/H]
< −4) to be detected in the current observations. After
the first NSM occurs, most of the stars reside near the
solar r-process ratios (−3< [Fe/H] < −2). On the other
hand, the [Ba/Eu] ratios start increasing at [Fe/H] ∼
−1.5 in our models. This result means that AGBs have
an appreciable contribution to the enrichment of Ba for
[Fe/H] > −1.5 (and also of Sr for [Fe/H] > −1; see
Figure 3). Note that the [Ba/Eu] ratio in model D starts
to increase at slightly lower metallicity than those in the
other models owing to the non-negligible production of
Ba in RMSs.
As recently reported by Hill et al. (2019); Sku´lado´ttir et al.
(2019) using the VLT/FLAMES high-resolution spec-
troscopy, there is a clear increase of [Ba/Eu] ratios from
[Fe/H] ≈ −2.0 in Sculptor. Duggan et al. (2018) ob-
tained the slopes of [Ba/Eu] as functions of [Fe/H] be
0.59 in Sculptor and 0.58 in Fornax, indicating that the
s-process increases [Ba/Eu] ratios at higher metallicity.
On the other hand, stars in Ursa Minor still resides
near the pure r-process ratio at [Fe/H] = −1.5. The
metallicity at which the [Ba/Eu] ratio starts to increase
depends on the timescale of chemical evolution. These
results imply that our models increase iron abundances
with similar timescale in Ursa Minor. Sculptor possibly
evolved slower than our models.
4.2. Ratios of Light to Heavy Neutron-Capture
Elements
The [Sr/Ba] ratios provide us with some hints for the
astrophysical sites of light and heavy neutron-capture
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Figure 6. Same as Figure 3, but for [Sr/Fe] as a function of [Fe/H] in models E (panel a) and F (panel b).
elements. Since ECSNe and RMSs mainly synthesize
light trans-iron elements (including Sr) with no and a
small amount of Ba, respectively, the stars that inherit
the abundances of their ejecta have enhanced [Sr/Ba]
ratios. On the other hand, the stars that directly inherit
the abundances of ejecta from NSMs have lower [Sr/Ba]
ratios.
Figure 8 shows the [Sr/Ba] ratios as a function of
[Fe/H] in models A, B, C, and D. In our models,
the [Sr/Ba] enhanced stars directly reflect the ejecta
from ECSNe (models B and C) and RMSs (model
D). In models B, C, and D, 5.2, 48.1 and 5.9 % of
all stars have [Sr/Ba] ≥ 1. On the other hand, we
find that 4.5 % of all stars except for carbon-enhanced
stars have [Sr/Ba] ≥ 1.0 in the MW (SAGA database,
Suda et al. 2008, 2011; Yamada et al. 2013). These re-
sults indicate that model C with the large mass window
of ECSN progenitors (∆M = 1M⊙) is not compat-
ible with the MW or LG dwarf galaxies. The over-
prediction of [Sr/Ba] at [Fe/H] > −2 in model D im-
plies a smaller contribution of RMSs (i.e., a smaller
rotational velocity) at higher metallicity in reality as
suggested from theoretical (Chieffi & Limongi 2013;
Prantzos et al. 2018; Limongi & Chieffi 2018) and ob-
servational (Hunter et al. 2008, 2009) studies.
There are several stars with highly enhanced [Sr/Ba]
ratios in the LG dwarf galaxies. The most notable one is
SMSSJ022423.27-573705.1 reported by Jacobson et al.
(2015). This star has a large [Sr/Fe] ratio ([Sr/Fe] =
1.08) but no detectable Ba line ([Ba/Fe] < −0.91), indi-
cating that the [Sr/Ba] ratio is greater than 2.0. There
are also clear signatures of the additional sources of Sr in
the LG dwarf galaxies. As reported by Franc¸ois et al.
(2016), the dwarf galaxy Canes Venatici II has a star
with [Sr/Ba] > 2.6. Although they can only put the
upper limit of [Ba/Fe], the ratio of [Sr/Fe] of this star is
1.37. They also show that the dwarf galaxy Canes Ve-
natici I has stars with [Sr/Ba] = 0.22 and 0.76. Our re-
sults suggest that the presence of such [Sr/Ba] enhanced
stars can be explained if they are formed from the gas
polluted by ECSNe.
It should be noted that, in our models (Figure 8),
we adopt the single yield table of Wanajo et al. (2014)
for NSMs, which results in a constant value of [Sr/Ba]
= 0.187. Therefore, stars below or above [Sr/Ba] =
0.187 cannot be formed from the ejecta of NSMs (Fig-
ure 8a). However, the nucleosynthesis of light r-process
elements in NSMs is still uncertain. These elements are
formed in the relatively less neutron-rich ejecta from
NSMs (Wanajo et al. 2014). If stars were formed re-
flecting the nucleosynthetic yields from less neutron-rich
ejecta (that is the case for NSMs with smaller mass ra-
tios, Sekiguchi et al. 2016), the [Sr/Ba] ratios would be-
come higher. Besides, the post-merger outflows from
the accretion disks in binary neutron stars can synthe-
size r-process elements (e.g., Just et al. 2015; Wu et al.
2016; Siegel & Metzger 2017; Fujibayashi et al. 2018).
The neutron richness of the post-merger ejecta depends
on the models (e.g., if the central remnant is a massive
neutron star or a black hole).
The lower ratios of [Sr/Ba] in several stars than the
solar r-process ratio can also be due to the contri-
bution from binary black hole-neutron star (BH-NS)
mergers (Lattimer & Schramm 1974, 1976). Since tidal
torques are the main driver of the mass ejection, BH-
NS mergers may eject very neutron-rich matter, which
results in the production of heavy (but little amounts
of light) r-process elements (e.g., Deaton et al. 2013;
Ferna´ndez et al. 2017; Kyutoku et al. 2018).
Spectroscopic studies of MW halo stars indicate, how-
ever, only a small variation of Sr/Ba ratios (within a fac-
tor of several) among those with high r-process enhance-
ment (more than 10 stars, Cowan et al. 2019). Given
these stars reflecting single r-process events, the stars
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Figure 7. Same as Figure 3, but for stellar [Ba/Eu] as a function of [Fe/H] in models A (panel a), B (panel b), C (panel c), and
D (panel d). Red dashed and blue-solid lines represent the solar r- and s-process ratios, respectively (Simmerer et al. 2004).
Purple squares represent the observed data of Leo I (Shetrone et al. 2003). The references and descriptions of symbols for the
other galaxies are given in the captions of Figures 1 and 3, respectively.
with [Sr/Ba] > 1 (or < 1) may not be explained by
the astrophysical source of the r-process (either NSMs
or BH-NS mergers). Note that the number of observed
r-process-enhanced stars is still too small to exclude a
possible contribution of NSMs to such high (or low) stel-
lar [Sr/Ba] ratios.
4.3. Ratios of Sr to Zn
The astrophysical site of the heaviest iron-group ele-
ment, Zn, is not well understood, either. Hirai et al.
(2018) have shown that ECSNe can contribute to
the enrichment of Zn. HNe are also a possible site
of Zn (Umeda & Nomoto 2002, 2005; Kobayashi et al.
2006; Tominaga et al. 2007). Besides these possibilities,
Tsujimoto & Nishimura (2018) suggested that magne-
torotational SNe could contribute to the production of
Zn at low metallicity.
Spectroscopic studies of the MW halo stars have
shown that there is a decreasing trend of [Zn/Fe] to-
ward higher metallicity with small scatters for [Fe/H]
. −2 (e.g., Cayrel et al. 2004; Nissen et al. 2004,
2007; Saito et al. 2009; Duffau et al. 2017). The LG
dwarf galaxies appear to have similar behaviors (e.g.,
Frebel et al. 2010; Cohen & Huang 2010; Venn et al.
2012; Sku´lado´ttir et al. 2017, 2018). The IQR of [Zn/Fe]
ratios for [Fe/H] < −2 in the MW halo is ≈ 0.2 (SAGA
database, Suda et al. 2008, 2011; Yamada et al. 2013).
This means that the scatters are within the observa-
tional errors. In contrast, [Sr/Fe] ratios have large
scatters (IQR = 0.5) in the MW halo as described in
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Figure 8. Same as Figure 3, but for [Sr/Ba] as a function of [Fe/H] in models A (panel a), B (panel b), C (panel c), and D
(panel d). Stars that only have the upper limit of Ba abundance are shown by arrows. Red-dashed and blue-solid lines represent
the solar r- and s-process ratios, respectively (Simmerer et al. 2004).
Section 3.2. These different levels of scatters may help
us understand the astrophysical sites of these elements.
Figure 9 shows the [Sr/Zn] ratios as a function of
[Fe/H] in models A, B, C, and D. As shown in this fig-
ure, the [Sr/Zn] ratios in models B and D are overlapped
with those in observations. We find that the delayed
production of Sr from NSMs makes scatters in these
models. NSMs and RMSs make the increasing trend
of [Sr/Fe] toward higher metallicity in models B and
D, respectively. The s-process contribution from AGBs
further increases the [Sr/Zn] ratios at high metallicity
(see also Section 4.1). The IQRs of [Sr/Zn] for [Fe/H]
< −2 are 0.4 and 0.1 in models B and D. On the other
hand, the IQR in the observations of the MW halo is
0.6. As discussed in Section 3.2, the smaller scatter in
our model of an isolated system may be reasonable. The
[Sr/Zn] ratio in model C (Figure 9c) is almost constant.
This is because the large contribution of both Sr and
Zn from ECSNe dominates over those from the other
sources in this model. As such behavior is incompati-
ble with the increasing trend of [Sr/Zn] in observations,
the mass window of ECSN progenitors should be sub-
stantially narrower than that (∆M = 1M⊙) assumed in
model C.
4.4. Enrichment of Sr in LG dwarf galaxies
The chemical evolution of Sr behaves differently
among dwarf galaxies with different masses. Stars in
several UFDs such as Canes Venatici I, II, Hercules, and
Triangulum II are enhanced in [Sr/Ba] (Franc¸ois et al.
2016; Kirby et al. 2017). As shown in Section 4.2, 5.2%
and 5.9% of stars have [Sr/Ba] > 1 in models B and
D, respectively, reflecting the ejecta from ECSNe with
Sr but no Ba (note that RMSs give [Sr/Ba] ≈ 1 at low
metallicity). These results suggest that stars enhanced
in [Sr/Ba] found in UFDs are also due to the ejecta
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Figure 9. Same as Figure 3, but for [Sr/Zn] as a function of [Fe/H] in models A (panel a), B (panel b), C (panel c), and D
(panel d).
from ECSNe. If ECSNe occur with a rate of a few per-
cents of all CCSNe, the expected number of ECSNe is
larger than unity in UFDs. This result is also consistent
with the statistical analysis in Lee et al. (2013), which
suggests the strong mass dependence of the yield of Sr.
ECSNe reside only in the lowest mass range of CCSN
progenitors.
Most of the observed UFDs are depleted in [Sr/Fe]
(Frebel & Norris 2015). According to Figure 8, the
[Sr/Ba] ratios in Tucana II are located close to the pure
r-process ratio. Boo¨tes I also shows a similar trend
(Ishigaki et al. 2014). These stars are unlikely to have
been formed from the gas enriched by ECSNe or RMSs
with high [Sr/Ba]. The rate of NSMs is too low to occur
in a majority of UFDs. These stars may have formed
from the gases externally enriched by the neighboring
halos (Komiya & Shigeyama 2016; Jeon et al. 2017).
The trends of [Sr/Fe], [Sr/Ba], and [Sr/Zn] evolution
seen in Draco and Ursa Minor (M∗ ∼ 10
5M⊙) are sim-
ilar to our models. Models B and D reproduce the flat
trend of [Sr/Fe] ratios for [Fe/H] & −2 in these galax-
ies. These models also show a jump of [Sr/Fe] ratios
at low metallicity as seen in Draco, owing to the delay
of an NSM contribution. The [Sr/Ba] ratio in Draco in-
creases in the range [Fe/H] < −2 but decreases at higher
metallicity (Cohen & Huang 2009). Our results suggest
that ECSNe and RMSs increase the ratios of [Sr/Ba]
for [Fe/H] < −2 in Draco. At higher metallicity, the
contribution of NSMs decreases the [Sr/Ba] ratios.
The trends of [Sr/Fe] and [Sr/Ba] ratios in Sculp-
tor are difficult to reproduce in our models, but these
trends may show the signatures of ECSNe. At the low-
est metallicity, stars reside near the pure r-process ratio
of [Sr/Ba] (Figure 8). Such stars may have formed in
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similar environments with the low ratios of [Sr/Fe] in
UFDs discussed above. The very high stellar values of
[Sr/Ba] (> 1) need a non-negligible contribution of EC-
SNe, which cannot be explained by the other sources
(with adopted yields) considered in this study. As dis-
cussed in Section 4.3, the stellar abundances of [Sr/Zn]
serve to constrain the relative contribution of ECSNe.
For Sculptor, there is only one star (except for carbon
stars) reported with measurements of both Zn and Sr
(Kirby & Cohen 2012). It is essential to increase the
number of stars with both measured Sr and Zn abun-
dances in the LG dwarf galaxies to confirm this scenario.
5. CONCLUSIONS
In this study, we performed a series of N -body/SPH
simulations of dwarf galaxies with the contributions
from NSMs, AGBs, ECSNe, and RMSs as the sources
of Sr. We have shown that ECSNe (or iron-core CCSNe
at the low-mass end), NSMs, and RMSs significantly
contribute to the enrichment of Sr over a wide range of
metallicity, while AGBs play a role only at high metal-
licity. We also discussed the relations among the abun-
dances of Sr, Ba, and Zn to disentangle relative contri-
butions from the different sources to the enrichment of
Sr.
We have found that ECSNe can contribute to the
enrichment of Sr mainly in the low metallicity range,
[Fe/H] . −3. Due to the lower event rates compared to
normal CCSNe (including RMSs), ECSNe give rise to
the scatters (IQR ≈ 0.2) of [Sr/Fe] ratios. The [Sr/Fe]
ratios are significantly affected by the uncertain mass
range of ECSN progenitors. We have shown that, even
for the models (B and D) with a narrow mass range
as suggested with recent studies (∆M ∼ 0.1–0.2M⊙,
Doherty et al. 2015), the ejecta from ECSNe can lead
to the formation of stars with Sr for [Fe/H] . −3.
In our models, NSMs contribute to the enrichment of
Sr for [Fe/H] & −3. A large amount of Sr from an NSM
leads to an abrupt increase in the ratios of [Sr/Fe] at low
metallicity. These features are consistent with the ob-
servations of Draco and Reticulum II. However, models
without RMSs (except for model C) under-predict the
[Sr/Fe] ratios by∼ 1 dex over a wide range of metallicity.
It appears that the weak s-process in RMSs play a vital
role in the enrichment of Sr (model D) as suggested by
Prantzos et al. (2018). We find that the contribution of
the main s-process from AGBs becomes dominant only
for [Fe/H] & −1.5, as can be seen in the enrichment
history of [Ba/Eu].
Enrichment from rare astrophysical events, ECSNe
and NSMs (but not RMSs or AGBs), can make scat-
ters in [Sr/Fe], [Sr/Ba], and [Sr/Zn] ratios as observed
in LG dwarf galaxies and the MW. We also have found
that stars enhanced in [Sr/Ba] (> 1) are formed from
the gas enriched by ECSNe. These results suggest that,
despite an appreciable contribution of RMSs across a
wide metallicity range, ECSNe and NSMs are necessary
to consistently explain the presence of stars with large
abundance scatters as well as with enhanced [Sr/Ba] ra-
tios. The mass window for the ECSN channel should,
however, be ∆M ≪ 1M⊙ to avoid over-prediction of
[Sr/Ba] and [Sr/Zn] ratios at higher and lower metallic-
ities, respectively (model C).
In summary, ECSNe (or iron-core CCSNe at the low-
mass end), NSMs, RMSs, and AGBs are, at least in
part, the astrophysical sources that reasonably account
for the mean trends and scatters in [Sr/Fe], [Sr/Ba], and
[Sr/Zn] ratios observed in LG dwarf galaxies. It should
be noted that the small number of stars with measured
Sr in dwarf galaxies hampers quantitative comparison
of our models with observations. More observational
data of Sr, along with other key elements (such as Zn
and Ba) are required to disentangle the relative contri-
butions of these sources. It is also necessary to conduct
more detailed nucleosynthesis studies, stellar evolution
calculations, and high-resolution cosmological zoom-in
simulations to resolve these issues entirely.
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APPENDIX
A. VARIATIONS OF [SR/FE] EVOLUTION CAUSED BY THE STOCHASTIC ONSETS OF NSMS
The onsets of the NSM contribution at different metallicities make variations of [Sr/Fe] evolution. Figures 10a and
b compare models with the same parameters adopted in model B but with different random number seeds. The first
NSMs occur at [Fe/H] = −3.0 and −4.0 in models B1, and B2, respectively.
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Figure 10. Same as Figure 3, but for [Sr/Fe] as a function of [Fe/H] in models B1 (panel a) and B2 (panel b).
Variations of [Sr/Fe] evolution are also seen in LG dwarf galaxies. Draco shows an increasing trend of [Sr/Fe] ratios,
while Ursa Minor has a slightly decreasing trend with higher [Sr/Fe] ratios than those in Draco. Tsujimoto et al.
(2017) reported that there was an apparent increase in the abundances of neutron-capture elements at [Fe/H] = −2.6
possibly due to the contribution of an NSM. On the other hand, Ursa Minor shows the enrichment of Sr in the entire
observed metallicity range (Cohen & Huang 2010). In model B2, earlier production of Sr from NSMs makes [Sr/Fe]
ratios higher than those in models B and B1. This result implies that an NSM has occurred at [Fe/H] . −4 in Ursa
Minor.
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